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We study the effect of operators generating dipole couplings of the light quarks to electroweak
gauge bosons on several observables at LHC. We start by demonstrating that the determination
of the gauge boson self-couplings from electroweak diboson production at LHC is robust under the
inclusion of those quark dipole operators even when let them totally unconstrained in the analysis.
Conversely, we determine the bounds that the diboson data imposes on the light-quark dipole
couplings and show that they represent a significant improvement over the limits arising from Z
and W electroweak precision measurements. We also explore the sensitivity of the Drell-Yan cross
section determination at LHC Run 1, and the results on resonance searches in high invariant-mass
lepton pair production at Run 2 to further constrain the electroweak dipole couplings of the light
quarks.
I. INTRODUCTION
The CERN Large Hadron Collider (LHC) has provided us with invaluable information on the Standard Model (SM)
such as the discovery of a Higgs boson [1, 2] with properties compatible with the simplest realization of electroweak
symmetry breaking, as well as the apparent lack of new states in the available data. In the absence of additional low
scale particles, we are compelled to describe possible deviations from the SM predictions through an effective field
theory [3] containing an ordered series of higher–dimension operators built of the SM fields. In this context, and
within the present experimental results, one can proceed under the assumption that the new operators are linearly
invariant under the SM gauge group SU(3)C ⊗ SU(2)L ⊗ U(1)Y and we write
Leff = LSM +
∑
n>4,j
fn,j
Λn−4
On,j . (1.1)
The first operators that impact the LHC physics are of n = 6, i.e. dimension–six. The most general dimension-six
operator basis respecting the SM gauge symmetry, as well as baryon and lepton number conservation, contains 59
independent operators, up to flavor and hermitian conjugation [4, 5].
This work aims at studying the operators which generate dipole couplings of the light quarks to electroweak gauge
bosons that belong to the dimension-six operator basis, focusing on their effects on several observables at LHC. In
particular, it has been recently demonstrated that the electroweak gauge boson couplings to fermions can impact the
LHC diboson analysis [6–9] used to test the gauge boson self-interactions. Here, we extend the analysis of these events
to study their sensitivity to the inclusion of light-quark electroweak dipole couplings. The aim is twofold. First, we
want to test their possible effect on the extracted information on the gauge boson self-couplings. Second, we want
to quantify the constraints that the analysis can impose on the Wilson coefficients of light-quark dipole operators.
Moreover, we also explore the potential of Drell-Yan (DY) processes to further test these operators.
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2The light-quark electroweak dipole operators have been previously studied using electroweak precision data
(EWPD) [10, 11], as well as deep inelastic scattering results from HERA [11], leading to constraints on their Wilson
coefficients of the order of 10 TeV−2. In the case of top quarks, the TopFitter collaboration [12] obtained limits on
the corresponding operator coefficients O(12) TeV−2 using LHC Run 2 data on the production of top quarks. Here,
we show that the study of the diboson (W+W−, W±Z) production at the LHC Run 1 and 2 leads to constraints
on the Wilson coefficients of light-quark electroweak dipole operators that are an order of magnitude better than the
ones stemming from the EWPD analysis. Moreover, we also show that Drell-Yan data can be used to further tighten
the bounds on these operators.
II. THEORETICAL FRAMEWORK
In this work, we extend the SM, as in Eq. (1.1), by adding dimension-six operators that conserve C and P , as well
as lepton and baryon numbers. The basis of dimension-six operators is not unique due to the freedom associated to
the use of he equations of motion (EOM) [13–16]. Using that freedom we choose to work in the basis of Hagiwara,
Ishihara, Szalapski, and Zeppenfeld (HISZ) [17, 18] for the pure bosonic operators.
Our main focus is the study of operators containing electroweak dipole couplings for light quarks, which for simplicity
we refer to as dipole operators in what follows. More specifically, these operators are
OuW,ij = iQiσµνuR,jŴµνΦ˜ , OuB,ij = iQiσµνuR,jB̂µνΦ˜ ,
OdW,ij = iQiσµνdR,jŴµνΦ , OdB,ij = iQiσµνuR,jB̂µνΦ ,
(2.1)
where Φ stands for the Higgs doublet and Φ˜ = iσ2Φ
∗. We defined B̂µν ≡ i(g′/2)Bµν and Ŵµν ≡ i(g/2)σaW aµν , with
g and g′ being the SU(2)L and U(1)Y gauge couplings respectively, and σa the Pauli matrices. Q denotes the quark
doublet and fR are the SU(2)L singlet fermions and i,j are family indices.
For simplicity, we assume that the Wilson coefficient of the dipole operators are flavour diagonal and family
independent, i.e. the dipole interactions are
LDIPeff =
fuB
Λ2
∑
i=1,2
OuB,ii + fuW
Λ2
∑
i=1,2
OuW,ii + fdB
Λ2
∑
i=1,2
OuB,ii + fdW
Λ2
∑
i=1,2
OuW,ii + h.c. . (2.2)
The effective interactions in Eq. (2.2) induce dipole-like couplings to photons, Z’s and W±’s of the form
L = − e v√
2
[
Ffγ
Λ2
f¯ σµν f ∂µAν +
FfZ
Λ2
f¯ σµν f ∂µZν
]
−ev
[
f¯ σµν
(
FLff ′W
Λ2
PL +
FRff ′W
Λ2
PR
)
f ′ ∂µW+ν + h.c.
]
(2.3)
where PL(R) is the left- (right-)handed chiral projector and
Fuγ
Λ2
=
fuW
Λ2
+
fuB
Λ2
,
FuZ
Λ2
=
cW
sW
fuW
Λ2
− sW
cW
fuB
Λ2
,
Fdγ
Λ2
=
fdW
Λ2
− fdB
Λ2
,
FdZ
Λ2
=
cW
sW
fdW
Λ2
+
sW
cW
fdB
Λ2
, (2.4)
FRudW
Λ2
=
1
sW
fuW
Λ2
,
FLudW
Λ2
=
1
sW
fdW
Λ2
.
Here, sW (cW ) is the sine (cosine) of the weak mixing angle.
Consequently, the electroweak dipole operators contribute to any process at the LHC initiated by the quark and
antiquark components of the colliding protons. In particular, they take part in electroweak diboson production
pp→ W+W− and pp→ ZW±. Notwithstanding, there are further dimension-six operators that contribute to these
3processes like the following additional operators that change the couplings between gauge bosons and fermions
O(1)ΦL,ij = Φ†(i
↔
DµΦ)(Liγ
µLj) , O(3)ΦL,ij = Φ†(i
↔
DaµΦ)(Liγ
µTaLj) ,
O(1)ΦQ,ij = Φ†(i
↔
DµΦ)(Qiγ
µQj) , O(3)ΦQ,ij = Φ†(i
↔
DaµΦ)(Qiγ
µTaQj) ,
O(1)Φu,ij = Φ†(i
↔
DµΦ)(uRiγ
µuRj ) , O(1)Φd,ij = Φ†(i
↔
DµΦ)(dRiγ
µdRj ) ,
O(1)Φe,ij = Φ†(i
↔
DµΦ)(eRiγ
µeRj ) , O(1)Φud = Φ˜†(i
↔
DµΦ)(uRγ
µdR + h.c.) ,
(2.5)
where the lepton doublet (singlet) is denoted by L (e) and we defined Φ†
↔
DµΦ = Φ
†DµΦ − (DµΦ)†Φ and Φ†
↔
DaµΦ =
Φ†T aDµΦ− (DµΦ)†T aΦ with T a = σa/2.
In addition to the above fermionic operators, diboson production also involves triple gauge couplings (TGC) which
are directly modified by one operator that contains exclusively gauge bosons
OWWW = Tr[Ŵ νµ Ŵ ρν Ŵµρ ] , (2.6)
as well as, three additional dimension-six operators that include Higgs and electroweak gauge fields in the HISZ basis
OW = (DµΦ)†Ŵµν(DνΦ) , OB = (DµΦ)†B̂µν(DνΦ) and OBW = Φ†B̂µνŴµνΦ . (2.7)
It is interesting to notice that, besides giving a direct contribution to TGC’s, OBW also leads to a finite renormal-
ization of the SM gauge fields, therefore, modifying the electroweak gauge-boson couplings. Furthermore, two other
dimension-six operators also enter in our studies via finite renormalization effects, namely,
OLLLL = (LγµL)(LγµL) and OΦ,1 = (DµΦ)†ΦΦ†(DµΦ) . (2.8)
In brief, OLLLL gives a finite correction to the Fermi constant, while OBW , and OΦ,1 lead to a finite correction of the
S and T oblique parameters respectively.
At this point, we still have redundant operators in our basis. In order to eliminate two blind directions [19, 20]
that appear in the EWPD analysis, we use the freedom associated to the use of EOM to remove the operator
combinations [21] ∑
i
O(1)ΦL,ii and
∑
i
O(3)ΦL,ii (2.9)
from our operator basis. As we assume no family mixing and the Wilson coefficients to be generation independent,
the dimension-six contributions to the electroweak gauge-boson pair production depend upon 16 Wilson coefficients,
namely,
LEWDBDeff =
f
(1)
ΦQ
Λ2
∑
i=1,2,3
O(1)ΦQ,ii +
f
(3)
ΦQ
Λ2
∑
i=1,2,3
O(3)ΦQ,ii +
f
(1)
Φu
Λ2
∑
i=1,2
O(1)Φu,ii +
f
(1)
Φd
Λ2
∑
i=1,2,3
O(1)Φd,ii +
f
(1)
Φe
Λ2
∑
i=1,2,3
O(1)Φe,ii
+
fW
Λ2
OW + fB
Λ2
OB + fWWW
Λ2
OWWW + fBW
Λ2
OBW + fΦ,1
Λ2
OΦ,1 + fLLLL
Λ2
OLLLL (2.10)
+
f
(1)
Φud
Λ2
∑
i=1,2
O(1)Φud,ii + LDIPeff .
In the limit of vanishing light-quark masses, the dipole operators contribute to different diboson helicity amplitudes
than the SM or any of the other operators in Eq. (2.10) (more below) due to their tensor structure. Therefore, there
is no interference between the contributions coming from the dipole operators and the SM and other dimension-six
operators in Eq. (2.10). Consequently, the dipole operators only contribute to these observables at the quadratic level.
4For the same reason, O(1)Φud, that modifies the couplings of W ’s to right-handed quark pairs, does not interfere with
the SM contributions nor with the other fermionic operators.
Since the light-quark dipole operators modify the Z and W± couplings they can be constrained by the EWPD
observables [10], which altogether receive corrections from a subset of 13 operators
LEWPDeff =
f
(1)
ΦQ
Λ2
∑
i=1,2,3
O(1)ΦQ,ii +
f
(3)
ΦQ
Λ2
∑
i=1,2,3
O(3)ΦQ,ii +
f
(1)
Φu
Λ2
∑
i=1,2
O(1)Φu,ii +
f
(1)
Φd
Λ2
∑
i=1,2,3
O(1)Φd,ii +
f
(1)
Φe
Λ2
∑
i=1,2,3
O(1)Φe,ii
+
fBW
Λ2
OBW + fΦ,1
Λ2
OΦ,1 + fLLLL
Λ2
OLLLL (2.11)
+
f
(1)
Φud
Λ2
∑
i=1,2
O(1)Φud,ii + LDIPeff ,
where, due to the arguments above, the 8 operators in the first two lines contribute linearly to the EWPD observables,
see Ref. [22], while the 5 in the last line enter only at quadratic order. Indeed, the contributions of the dipole operators
to the decay widths of the weak gauge bosons are
∆ΓZff
ΓZff
=
1
gfL
2
+ gfR
2
e2v4
8Λ4
|FfZ |2 , ∆Γ
W
ud
ΓWud
=
e2v4
4Λ4
(|FLudW |2 + |FRudW |2) , (2.12)
where gfL = T
f
3 −Qfs2W and gfL = −Qfs2W are the usual SM couplings.
III. EFFECTS IN ELECTROWEAK DIBOSON PRODUCTION
Deviations of TGC and gauge bosons interactions with quarks from the SM ones modify the high energy behavior
of the scattering of quark pairs into two electroweak gauge bosons since such anomalous interactions can spoil the
cancellations built in the SM. For the W+W− and W±Z channels, the leading scattering amplitudes in the helicity
basis receive contributions from 12 of the 16 operators in Eq. (2.10) [22, 23]
A(d−d¯+ →W+0 W−0 ) = i
s
Λ2
sin θ
{
− g
2
24c2W
(3c2W fW − s2W fB) +
1
4
(f
(3)
ΦQ − 4f (1)ΦQ)
}
, (3.1)
A(d−d¯+ →W+±W−± ) = −i
s
Λ2
sin θ
3g4
8
fWWW , (3.2)
A(d+d¯− →W+0 W−0 ) = −i
s
Λ2
sin θ
{
g2s2W
12c2W
fB + f
(1)
Φd
}
, (3.3)
A(u−u¯+ →W+0 W−0 ) = i
s
Λ2
sin θ
{
g2
24c2W
(3c2W fW + s
2
W fB)−
1
4
(f
(3)
ΦQ + 4f
(1)
ΦQ)
}
, (3.4)
A(u+u¯− →W+0 W−0 ) = i
s
Λ2
sin θ
{
g2s2W
6c2W
fB − f (1)Φu
}
, (3.5)
A(d−u¯+ → Z±W−± ) = i
s
Λ2
sin θ
3cW g
4
4
√
2
fWWW , (3.6)
5A(d−u¯+ →W−0 Z0) = i
s
Λ2
sin θ
{
g2
4
√
2
fW − 1
2
√
2
f
(3)
ΦQ
}
, (3.7)
A(d+u¯− →W−0 Z0) = −i
s
Λ2
sin θ
√
2f
(1)
Φud , (3.8)
A(d−d¯− →W+0 W−+ ) = −A(d+d¯+ →W+−W−0 ) = −
s
Λ2
sin θ g fdW = − s
Λ2
sin θ e (sWFdγ + cWFdZ)) , (3.9)
A(u−u¯− →W+0 W−+ ) = −A(u+u¯+ →W+−W−0 ) = −
s
Λ2
sin θ g fuW = − s
Λ2
sin θ e (sWFuγ + cWFuZ)) , (3.10)
A(d−u¯− →W−0 Z+) =
s
Λ2
sin θ
g√
2cW
{
s2W fuB + c
2
W fuW
}
=
s
Λ2
sin θ
e√
2
{
2cWF
R
udW − FuZ
}
, (3.11)
A(d−u¯− →W−+Z0) = −
s
Λ2
sin θ
g√
2
fuW = − s
Λ2
sin θ
e√
2
FRudW , (3.12)
A(d+u¯+ →W−0 Z−) = −
s
Λ2
sin θ
g√
2cW
{
s2W fdB − c2W fdW
}
=
s
Λ2
sin θ
e√
2
{
2cWF
L
udW − FdZ
}
, (3.13)
A(d+u¯+ →W−+Z0) = −
s
Λ2
sin θ
g√
2
fdW = − s
Λ2
sin θ
e√
2
FLudW , (3.14)
where s stands for the center-of-mass energy and θ is the polar angle in the center-of-mass frame. In Eqs. (3.9)–(3.14)
we give the contribution from the dipole operators to the helicity amplitudes at high energy and explicitly show
that they contribute to helicity configurations different from that of any other operator as mentioned in the previous
section. Also, for convenience, in the last equality of those equations we give the expression in terms of the effective
couplings in Eq. (2.3).
Diboson production has been used by the LHC collaborations to directly scrutinize the structure of the electroweak
triple gauge boson coupling well beyond the sensitivity reached at LEP2 [24]. In particular both ATLAS and CMS
collaborations have used their full data samples from the Run 1 of LHC on W+W− [25, 26] and W±Z [27, 28] pro-
ductions to constrain the possible deviations of TGC’s from the SM structure. For Run 2, the number of experimental
studies aiming at deriving the corresponding limits is still rather sparse [29]. However, as described in Ref. [9], one
can use the published ATLAS results on W±Z [30] and W+W− [31] productions with 36.1 fb−1 to study TGC’s.
Altogether, we perform an analysis aimed at constraining the Wilson coefficients in the effective Lagrangian in
Eq. (2.10) using the data on W+W− and W±Z productions in the leptonic channel. In particular we include the
available kinematic distributions most sensitive for TGC analysis which are:
Channel (a) Distribution # bins Data set Int Lum
WW → `+`′− + /ET (0j) pleading,leptonT 3 ATLAS 8 TeV, 20.3 fb−1 [25]
WW → `+`(′)− + /ET (0j) m``(′) 8 CMS 8 TeV, 19.4 fb−1 [26]
WZ → `+`−`(′)± mWZT 6 ATLAS 8 TeV, 20.3 fb−1 [27]
WZ → `+`−`(′)± + /ET Z candidate p``T 10 CMS 8 TeV, 19.6 fb−1 [28]
WW → e±µ∓ + /ET (0j) mT 17 ATLAS 13 TeV, 36.1 fb−1 [31]
WZ → `+`−`(′)± mWZT 6 ATLAS 13 TeV, 36.1 fb−1 [30]
For details of the analysis of electroweak diboson data (EWDBD) from Run 1 and Run 2, we refer the reader to
Refs. [8] and [9] that contain our procedure, as well as its validation against the TGC results from the experimental
collaborations. In brief, the procedure to obtain the prediction of the relevant kinematical distributions in presence
of the dimension–six operators is as follows. We simulate W+W− and W±Z events within the experimental fiducial
regions by applying the same cuts and isolation criteria adopted by the corresponding experimental analysis. This is
carried out by using MadGraph5 [32] with the UFO files for our effective Lagrangian generated with FeynRules [33,
34]. We employ PYTHIA6.4 [35] to perform the parton shower, while the fast detector simulation is done with
Delphes [36]. In order to account for higher order corrections and additional detector effects, we simulate the
corresponding SM W+W− and W±Z events and normalize our results bin by bin to the SM predictions provided by
the experimental collaborations. Then we apply these correction factors to our simulated WV distributions in the
presence of the anomalous couplings.
6The statistical confrontation of these predictions with the LHC data is made by means of a binned log-likelihood
function based on the contents of the different bins in the kinematical distribution of each channel. Besides the statis-
tical errors we incorporate the systematic and theoretical uncertainties including also their corresponding correlations.
With this, we build χ2EWDBD
χ2EWDBD(fB , fW , fWWW , fBW , fΦ,1, f
(3)
Φ,Q, f
(1)
Φ,Q, f
(1)
Φ,u, f
(1)
Φ,d, f
(1)
Φ,ud, f
(1)
Φ,e, fLLLL, fuB , fuW , fdB , fdW ) . (3.15)
To this we want to add the information from EWPD, in particular from Z and W pole measurements. We do so
by constructing a χ2 function
χ2EWPD(fBW , fΦ,1, f
(3)
Φ,Q, f
(1)
Φ,Q, f
(1)
Φ,u, f
(1)
Φ,d, f
(1)
Φ,ud, f
(1)
Φ,e, fLLLL, fuB , fuW , fdB , fdW ) , (3.16)
including 15 observables of which 12 are Z observables [37]:
ΓZ , σ
0
h , A`(τpol) , R0` , A`(SLD) , A0,lFB , R0c , R0b , Ac , Ab , A0,cFB , and A0,bFB ,
and 3 are W observables: MW [38], ΓW [39] and Br(W → `ν) [38]. We compare those with the corresponding the
predictions including the effect of all operators in Eq. (2.11). In building χ2EWPD we incorporate the correlations
among the above observables from Ref. [37] and the SM predictions and their uncertainties from [40].
In order to single out the possible effect of the dipole operators in the EWDBD analysis we make a combined
analysis in which we include their effect in EWPBD but not in the EWPD observables. This is, we make a fit to
EWDBD+EWPD in terms of 16 operator coefficients using
χ2EWDBD+EWPD(fB , fW , fWWW , fBW , fΦ,1, f
(3)
Φ,Q, f
(1)
Φ,Q, f
(1)
Φ,u, f
(1)
Φ,d, f
(1)
Φ,ud, f
(1)
Φ,e, fLLLL, fuB , fuW , fdB , fdW ) =
χ2EWDBD(fB , fW , fWWW , fBW , fΦ,1, f
(3)
Φ,Q, f
(1)
Φ,Q, f
(1)
Φ,u, f
(1)
Φ,d, f
(1)
Φ,ud, f
(1)
Φ,e, fLLLL, fuB , fuW , fdB , fdW )
+χ2EWPD(fBW , fΦ,1, f
(3)
Φ,Q, f
(1)
Φ,Q, f
(1)
Φ,u, f
(1)
Φ,d, f
(1)
Φ,ud, f
(1)
Φ,e, fLLLL, fuB = 0, fuW = 0, fdB = 0, fdW = 0) . (3.17)
We then compare the allowed parameter ranges for the coefficients with those obtained from the a combined analysis
in which the dipole operators are set to zero in the analysis of EWDBD as well.
The results of these analyses are shown in Fig. 1 where we display one-dimensional projections of the ∆χ2 for both
analysis. In each panel, χ2 has been marginalized over all other 15 (or 11) coefficients. This figure clearly illustrates
that the constraints on the 12 coefficients fB , fW , fWWW , fBW , fΦ,1, f
(3)
Φ,Q, f
(1)
Φ,Q, f
(1)
Φ,u, f
(1)
Φ,d, f
(1)
Φ,ud, f
(1)
Φ,e, and fLLLL
from the combined analysis of EWDBD at LHC and EWPD are robust independently of the inclusion of the dipole
operators in the analysis.
A. Comparison with EWPD bounds
Figure 1 also illustrates the power of the high energy LHC data in diboson gauge production to impose severe
constraints on the electroweak dipole couplings of the light quarks. We quantify how much these bounds improve
over the ones from EWPD in Fig. 2 where we show in the red line the constraints from the above analysis together
with those obtained from Z- and W -pole EWPD exclusively (black lines). To estimate the dependence of the EWPD
bounds on the presence of other operators contributing to those observables we show also the results when the
coefficients of all non-dipole operators are set to zero (the black dashed line in Fig. 2). As expected the bounds are
only a bit stronger (about a factor O(30%)) when no other contribution is included. As mentioned above, dipole
operators enter quadratically in EWDP observables so their contribution cannot cancel against that of any other
dimension six-operator. The bounds derived, however, assume that there will be no cancellation against possible
effects of dimension-8 operators.
As seen in figure 2, the bounds from EWPD are weaker than those from LHC EWDBD by more than an order
of magnitude. The reason for this is two folded. First, the EWPD constraints are mainly driven by the Z hadronic
7FIG. 1: ∆χ2 dependence on the Wilson coefficients of 16 operators (after marginalization in each panel over the undisplayed
ones) entering the analysis of EWDBD from LHC Run 1 and 2 in combination with the EWPD. The red line includes the
effect of light-quark dipole operators in diboson production but does not include then in the from EWPD (see Eq. 3.17 ). The
blue dashed lines are the results of the corresponding analysis without including the light-quark dipole operators (see text for
details).
observables which bound the combinations FqZ/Λ
2 in Eq. (2.3) which means that there is a large degeneracy between
the constraints on fqW /Λ
2 and tan2 θW fqB/Λ
2. The degeneracy is broken only by the data on the W width which
is much less precisely known. Second, the contributions from dipole operators to EWDBD grow as s, as seen in Eqs.
(3.9)- (3.14), and hence the lever arm of the high energy of LHC to constrain them.
These behaviours are explicitly displayed in Fig. 3 where we show the strong correlations in the 95% allowed region
8FIG. 2: ∆χ2 dependence on the four fermionic Wilson coefficients of the dipole operators from the combined analysis of diboson
data and EWPD after marginalizing over the 15 undisplayed coefficients (full red lines), EWPD after marginalizing over the
12 undisplayed parameters (full black lines) and EWPD with only the four quark dipole operator after marginalizing over the
3 undisplayed coefficients (black dashed line).
from the EWPD analysis in the plane fqW /Λ
2 vs fqB/Λ
2. Also shown are the corresponding rotated projection of
the allowed region on FqZ/Λ
2 vs Fqγ/Λ
2 and clearly illustrate how the EWPD bounds on the electric dipole coupling
Fqγ/Λ
2 are visibly weaker. On the contrary, as seen in Eqs. (3.9)- (3.14), the production of pairs of electroweak gauge
bosons receives independent contributions from different combinations of the effective light-quark dipole couplings to
Z, W , and γ and that help breaking the degeneracy and allow for constraining both the Z and γ dipole couplings
with similar precision. This is explicitly shown in Fig. 4 where we plot the 95% allowed region from the EWDBD
analysis in both planes fqW /Λ
2 vs fqB/Λ
2 and FqZ/Λ
2 vs Fqγ/Λ
2.
IV. EFFECTS IN DRELL-YAN PRODUCTION
One of the cleanest processes at LHC is the Drell-Yan production of pairs of high invariant mass electrons and
muons. Light quark dipole operators contribute to this process in the production vertex of the intermediate Z and
γ, and hence, can be constrained by these precise LHC results. Furthermore, the dipole operators also lead to a mild
energy growth in the corresponding helicity amplitudes qq¯ → `−`+ which at high energy behave as
A(q+q¯+ → `−−`++) = A(q−q¯− → `−−`++) =
e2v√
2
√
s sin θ
[
−Fqγ
Λ2
+
1
cW sW
(
−1
2
+ s2W
)
FqZ
Λ2
]
, (4.1)
A(q+q¯+ → `−+`+−) = A(q−q¯− → `−+`+−) =
e2v√
2
√
s sin θ
[
Fqγ
Λ2
− sW
cW
FqZ
Λ2
]
, (4.2)
where θ is the center-of-mass polar scattering angle.
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2.
Both ATLAS and CMS have published in Refs. [41] and [42] respectively, the final results of the Run 1 Drell-Yan
measurements in the form of differential Drell-Yan cross section as a function of the invariant mass of the lepton pair
after correction for detector effects and also giving a very detail account of the systematic and theoretical uncertainties
after the unfolding of detector effects. This data allow us a very straightforward comparison with the invariant mass
differential cross section predictions including the effect of the dipole couplings.
As for Run 2, CMS has also presented the corresponding differential cross section results but only for a small
integrated luminosity [43]. However, both collaboration performed a search for high-mass phenomena in dilepton final
states using larger Run 2 samples [44, 45]. These data can also be analyzed to study the effect of dipole operators.
In this case, we follow a procedure similar to that sketched in Sec. III for the analysis of EWDBD. We simulate
the e+e− and µ+µ− invariant mass differential distributions within the cuts of the experimental searches using the
packages MadGraph5 [32], PYTHIA6.4 [35] and Delphes [36]. The SM predictions from this procedure are then
normalized bin by bin to the predictions provided by the experimental collaborations and the obtained correction
factors are subsequently applied to the predicted distributions in presence of the dipole operators.
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In summary, we include the following data samples in our Drell-Yan analysis1:
Int.Luminosity (fb−1) m`` # Data points
ATLAS 13 TeV [44] 36 fb−1 250–6000 GeV 6+6
CMS 13 TeV [45] 36 fb−1 200–3000 GeV 6+6
ATLAS 8 TeV [41] 20.3 fb−1 200–1500 GeV 8
CMS 8 TeV [42] 19.7 fb−1 200-2000 GeV 11
and with those and the information provided by the experiments on the systematic and theoretical uncertainties and
correlations we build a binned log-likelihood function
χ2DY(fuB , fuW , fdB , fdW ) , (4.3)
where for simplicity we have set to zero the coefficients of all other operators contributing to the process.
As discussed in the previous section, the amplitudes generated by dipole operators do not interfere neither with the
SM ones nor with those generated by the other dimension-6 operators in Eq. (2.11) and, therefore, no cancellation of
their effects is possible. So as it was the case in the analysis of EWDBD and of EWPD, the constraints from DY on
the Wilson coefficients of dipole operators can only be marginally affected by the inclusion of other operators in the
analysis.
FIG. 5: ∆χ2 dependence on the four fermionic Wilson coefficients of the dipole operators for the analysis of DY data (see text
for details).
1 We only consider in the analysis the bins with invariant mass above ∼ 200 GeV where the dipole operator contribution is potentially
more relevant. Also for better statistical significance, we have combined in one bin the data for the last three invariant mass bins in
Ref. [44].
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95% CL |f |/Λ2 (TeV−2)
EWPD EWDBD+EWPD DY
fuB 41 1.9 0.78
fuW 10 0.29 0.53
fdB 38 1.9 0.96
fdW 10 0.36 0.60
Fuγ 51 1.8 0.78
FuZ 7.0 1.3 1.2
Fdγ 48 1.8 0.91
FdZ 5.8 1.4 1.4
TABLE I: Comparison of the 95% upper bounds for the Wilson coefficients of the light-quark dipole operators for the different
analysis performed in this work.
The results for the DY analysis are depicted in Fig. 5 where we display one-dimensional projections of the ∆χ2DY
as a function of the Wilson coefficient of each dipole operator after marginalizing over the other three. We show the
results using each of the data samples separately and the combination. As seen in the figure, the constraints imposed
with the analysis of the ATLAS 8 Run 1 DY results are substantially stronger than those obtained from the analysis
of the corresponding CMS Run 1 data.
We trace this difference to the fact that the ATLAS results are slightly lower than the SM predictions in all bins
included in the analysis (see Table 12 in Ref. [46]) which results in bounds which are about a twice stronger than the
expected sensitivity from data centered in the SM predictions. On the contrary, CMS finds a mild excess of events
with respect to the SM predictions for invariant masses between 200-500 GeV where the data is most precise (see
Fig. 3 in Ref. [42]). This weakens their constraints by about 20%. The analysis of the Run 2 data yields bounds very
much within the expected sensitivity from measurements compatible with the SM.
Comparing the results in Fig. 5 with those from EWDBD analysis in Fig. 1, we find that the combined analysis
of the Drell-Yan data can yield slightly stronger (weaker) bounds on the coefficients of the quark dipole operators
OqB (OqW ). However, as seen in Fig. 4 DY results totally resolve the light-quark dipole couplings to Z and γ and,
consequently, yield stronger constraints over those projections.
V. DISCUSSION
In this work, we have studied the power of the high energy LHC data to reveal the effects associated to electroweak
dipole couplings of the light quarks. We have focused on two type of processes: pair production of electroweak gauge
bosons and Drell-Yan lepton pair production. Because of their different tensor structure, the amplitudes induced by
these couplings do not interfere with the SM ones nor with those generated by the other dimension-six operators that
modify the gauge boson couplings to fermions and TGC’s. Consequently, we find that the constraints derived on all
the Wilson coefficients of those non-dipole operators entering the tests of the electroweak gauge boson sector is robust
under the inclusion of the light-quark dipole operators.
Dipole couplings of the light quarks to the weak gauge bosons have been explored in the past using the precise data
of the on-shell Z and W couplings to fermions. Our results show that analyses of LHC data improves over those by
more than one order of magnitude. This is explicitly quantified in Table I where we constrast the resulting constraints
from the analysis of the data on EWDBD and DY at LHC with those from the pole measurements. The improvement
is driven both by the growth of the dipole contribution with energy, and because LHC data is sensitive to the dipole
couplings to Z and γ’s with similar weight. Consequently, as seen in this table, the LHC bounds on the combinations
entering on the dipole couplings to the Z and the photon are comparable.
It is important to stress that the constraints derived with LHC data are obtained in the asymptotic free regime
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for the light quarks. So in this respect, the information provided by LHC complements the more model-dependent
limits on the dipole couplings of the light quarks which can be derived from measurements of the anomalous magnetic
moments of hadrons [47].
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